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Tadpole and adult Xenopus, manipulated to be of comparable size, exhibited stage-
specific antibody expression. The production of adult-type higher-affinity anti-DNP
antibodies proved to be independent of the age and size of the individual and is
concomitant with the completion of metamorphosis. The appearance of new antibody
specificities at such a time suggests that their expression occurs with the cell turnover
and renewal during a period of morphological changes.
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INTRODUCTION
The great morphological transformation that
occurs in amphibian metamorphosis is
accompanied by the expression of new serum
and intracellular proteins. Among the develop-
ment-stage-specific proteins studied in the South
African frog, Xenopus laevis, are the hemoglobins
(Kobel and Wolf, 1983; Just et al., 1977), creatine
kinases (Robert et al., 1991), myosin heavy chains
(Radice and Malacinski, 1989), vitellogenin
(Huber et al., 1979; May and Knowland, 1980),
antibodies (Du Pasquier et al., 1979; Hsu and Du
Pasquier, 1984) and major histocompatibility
(MHC) class I and II antigens (Flajnik and Du
Pasquier, 1988; Du Pasquier and Flajnik, 1988;
Rollins-Smith and Blain, 1990). In Xenopus, age
and growth in size can be uncoupled from devel-
opment by the use of goitrogens such as thiourea
(Gasche, 1946) or sodium perchlorate
(Pflugfelder, 1959), which suppress metamor-
phosis and produce permanent larvae. While
some markers of differentiation such as adult
hemoglobin (Just et al., 1977; Widmer et al., 1983)
and MHC class I antigens (Flajnik and Du
Pasquier, 1988) will gradually appear in the
erythrocytes of these individuals despite their
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larval appearance, others such as vitellogenin
inducibility (Huber et al., 1979; May and Know-
land, 1980; Kawahara et al., 1987) and MHC class
II antigens (Rollins-Smith and Blain, 1990) do not
appear unless the animals are allowed to meta-
morphose. The expression of proteins unac-
companied by morphological changes probably
results from changes in resident larval cells with
the passage of time, and expression contingent
on metamorphic events probably result from a
novel (adult-specific) cell lineage.
We have suggested that stage-specific anti-
bodies (Du Pasquier et al., 1979; Hsu and Du Pas-
quier, 1984a, 1984b) would be an example of the
latter case. A major differentiation event in B
lymphocytes is the rearrangement of immunoglo-
bulin (Ig) genes, an event for which the mechan-
ism is similar in Xenopus and mice (Schwager et
al., 1988). Since allelic exclusion also operates in
Xenopus B cells (Du Pasquier and Hsu, 1975), the
differentiated lymphocyte is a cell containing
permanent alterations at the Ig loci and incapable
of changing its antibody specificity. The Xenopus
adult-type antibodies are therefore probably pro-
duced by a population of lymphocytes different
from the larval pool. The larval character of the
antibody repertoire is unchanged by prolonging
larval life by months (Hsu and Du Pasquier,
1984), suggesting that the lymphocytes bearing
adult-type specificities appear only after meta-2 E. HSU AND L. DU PASQUIER
morphosis. However, this was not directly dem-
onstrated.
Previous studies were performed only in larval
and in adults greatly disparate in size and age (>
1 year). In the following experiments, we address
questions of the relationship of specificities
expressed to cell population size, to time or mor-
phological state, and to metamorphosis.
RESULTS
Antibody Response in Tadpoles and Adults of
Similar Size
We have shown previously that tadpoles pro-
duce anti-DNP antibodies differing from those of
the adults in isoelectricfocussing properties (Du
Pasquier et al., 1979; Hsu and Du Pasquier, 1984)
and in affinity (Hsu and Du Pasquier, 1984a,
1984b). Because the tadpoles used in these exper-
iments were considerably smaller (ca. 100 times
by weight) than the adult counterparts, it was
possible that the larval antibody response actu-
ally indicated an absence of some low-frequency
B-cell clones normally present in the larger B-cell
pool of an adult. Therefore, we tried to obtain
animals of different developmental stages but of
comparable size. In the experiment shown in Fig.
1, all the animals involved were 6-month-old sib-
lings. The tadpoles were kept in sodium per-
chlorate from 4 weeks of age to the end of the
experiment; given optimal conditions, they grew
to very large sizes (1.2 to 2.8 g compared to nor-
mally 0.2 to 0.5 g). In contrast, their nonperchlor-
ate-treated siblings had metamorphosed at the
normal time (8 to 12 weeks), and were kept under
crowded conditions so that they remained rather
small (1.8 to 2.9 g compared to 10 to 25 g at 1-2
years of age). The froglets used originated from
one particular aquarium, where the animals for
unknown reasons developed very slowly and
only began metamorphic climax after 4 months;
the animals selected for immunization were just
at the end of metamorphosis (stages 63-65).
Although the tadpole and adult weights were
comparable, the recently metamorphosed frog-
lets were smaller; hbwever, the amount of
antigen administered to all animals ranged from
10 to 42/g per gram body weight, which is
within the effective dose range determined (Hsu
and Du Pasquier, 1984) for adults (5 to 20 btg) and
tadpoles (10 to 50 btg).
Although the tadpoles and adults were of com-
parable size, the anti-DNP antibodies they pro-
duced were different in affinity, in the same man-
ner as in previous experiments where the two
stages were greatly discrepant in size (Hsu and
Du Pasquier, 1984a, 1984b). That is, most of the
tadpoles produced anti-DNP antibodies with
affinities lower than adults (Fig. 1). The one
exceptional tadpole was not the largest member
of the group, so that production of higher-affinity
antibodies is not directly correlated with the size
of the animal and hence the number of lympho-
cytes it has accumulated.
Thus, the difference in anti-DNP antibodies
observed previously (Hsu and Du Pasquier,
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FIGURE 1. Comparison of anti-DNP antibody affinities from tad-
poles and adults of similar size. Five-month-old sibling LGI5 tadpoles
(stages 55-57, weighing 1.2-2.8 g, mean+S.D, was 1.9+0.5), meta-
morphosing tadpoles (stages 63-65, weighing 0.6-85 g, 0.65+0.1)
and young adults (1.8-2.9 g, 2.4+0.4) were immunized with 5 fll of
5 mg/ml DNP/KLH in CFA and kept at 24-25C for 3 weeks. The
antisera were tested for inactivation and inhibition of inactivation of
DNP-T4 phage. The data is presented as the geometric mean+stan-
dard error for the molar concentration of inhibitor (@ DNP-lysin, (3
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FIGURE 2. (A) Comparison of affin-
ities of anti-DNP antibodies from larval
and metamorphosed siblings. LGI5 tad-
poles (stages 54-56) were injected with
5 #1 of 2 mg/ml of alum precipitated
DNP-KLH. Half of the group was
placed in 0.1% sodium perchlorate to
maintain the larval state and the other
half was allowed to metamorphose over
the 4-week immunization period. For
comparison, 1-year-old LG5 adults
were injected with 50 ml of antigen. See
legend to Fig. 1. (B) Comparison of
affinities of LM3 tadpole and meta-
morphosing tadpole anti-DNP anti-
bodies. Sibling tadpoles (stages 54-56)
and metamorphosing tadpoles (stages
62-65) were immunized with 5 #1 of
2mg/ml of alum precipitated DNP-
KLH; the tadpoles of earlier larval
stages were kept in 0.1% sodium per-
chlorate after the immunization and the
others metamorphosed. Two-year-old
LM3 adults were given 50 #1 of the
antigen; all animals were bled after 4
weeks and the antisera tested for DNP-
T4 phage inactivation. See legend to
Fig. 1.
1984) in tadpoles and adults, whose weight dif-
ference may have ranged from 10 to 100-fold, is
not due to the low freqfiency of high-affinity
anti-DNP clones, distinguishing by default ani-
mals by cell population size. Consistent with
earlier observations (Hsu and Du Pasquier, 1984),
tadpoles, maintained as larvae well beyond the
time when metamorphosis would have occurred,
make antibodies distinguishable from adults.
Most froglets produce antibodies of affinities
overlapping with the adult range, although in
this experiment they are about 30% the size of
either tadpoles or adults. This observation sup-
ports our contention that the repertoire is a func-
tion of the developmental state and is probably
not the result of cell accumulation.
Antibodies Made by Larva.1 and
Metamorphosed Siblings
LG15 tadpoles of one breeding were injected with
DNP-KLH at stages 54-55. Half of this group was
transferred into water containing 0.1% sodium
perchlorate, and so remained in the larval state,
while their siblings underwent metamorphosis
over the 4-week immunization period. The anti-
bodies produced by the froglets were higher in
affinity than those made by their larval siblings
(Fig. 2A). Although immunization had taken
place when all the animals were tadpoles, the sib-
lings that had gone through metamorphosis
made different antibodies than if they had
retained their larval state.
The adults immunized for this experiment pro-
duced anti-DNP antibodies of higher affinity
than those of the tadpoles, generally overlapping
with those of the froglets.
Antibody Response in Animals Undergoing
Metamorphic Climax
Sibling animals in metamorphic climax (stages
62-65) and of earlier developmental stages
(54-56) were immunized with DNP-KLH. The4 E. HSU AND L. DU PASQUIER
latter were maintained in 0.1% sodium perchlor-
ate, and up to sacrifice had not developed
beyond stage 58. As in the previous experiments
with the LM3 and LG15 Xenopus strains (Hsu and
Du Pasquier, 1984a, 1984b), the tadpole anti-
bodies to DNP were of lower affinity than those
of the adults (Fig. 2B). In this instance, the adult
antibodies clearly distinguished DNP from TNP,
whereas those of the tadpole did not or were het-
eroclitic. In comparison, the range of affinities’of
the froglet antibodies overlapped with both tad-
pole.and adult stages; sera of some individuals
contained antibodies discriminating between
hapten and analog, and another contained mostly
heteroclitic antibodies.
In the experiment presented in Fig. 1, where
animals were also immunized at the end of larval
life, the affinities of the antibodies of froglets
were also scattered over a range covering both
tadpole and adult.
DISCUSSION
When challenged with antigen, adults of Xenopus
strain make antibodies of similar affinity and
specificity (Du Pasquier and Wabl, 1977; Wabl
and Du Pasquier, 1976). Antisera to DNP-KLH,
sheep red blood cells, PC-KLH, when analyzed
by isoelectricfocusing, showed sharing of, and
identical, antibody bands among these geneti-
cally identical individuals (Du Pasquier and
Wabl, 1978). This phenomenon is also found in
isogenic tadpoles (Du Pasquier et al., 1979) but,
in affinity and in IEF antibody bands, they differ
considerably from adults of the same strain (Du
Pasquier et al., 1979; Hsu and Du Pasquier, 1984).
The larval antibody response is unaltered by the
addition of adult T cells or by the reconstitution
with adult T cells in the thymectomized tadpoles
(Hsu and Du Pasquier, 1984a, 1984b). The shar-
ing of IEF antibody bands among tadpoles of an
is0genic strain suggests that the repertoire is pec-
uliar to the larval state: some adult antibody
bands never appear in tadpole antisera (Du Pas-
quier et al., 1979). When the larval period was
greatly extended by the use of goitrogens, the
antibody response was independent of both the
elapsed time and the size of the tadpoles: large 7-
month-old tadpoles still produced larval-type
antibody bands (Hsu and Du Pasquier, 1984).
Although these experiments suggested the exist-
ence of stage-specific repertoires, they could not
rule out the possibility that there were not
enough in the tiny tadpoles for low-frequency
clones to be seen.
Here we have attempted to minimize the size
differences by comparing runted adults with
very large tadpoles. The results are clear, even
very small metamorphosed animals produce
antibodies with the characteristics of the adult
developmental stage, whereas tadpoles of almost
comparable size produce, antibodies character-
istic of the larval development stage. Even the
froglet group, with an average body weight less
than that of the tadpoles, tended tO produce anti-
bodies of affinities in the adult rather than the
tadpole range, although, not surprisingly, there
is a large degree of scatter. We suggest this scat-
ter is indicative of an immune system in
transition.
The change from the larval to the adult anti-
body repertoire occurs at metamorphosis. The
production of higher-affinity anti-DNP anti-
bodies, a characteristic of the adult LM3 and LG15
strains, only appears when metamorphosis has
taken place; such antibodies do not appear when
metamorphosis has been suppressed (Fig. 2A).
At the time of metamorphic climax, there is a
great tissue turnover or replacement of almost all
cell types, including those of hematopoietic lin-
eages. Erythrocytes, for instance, are replaced by
a cell population that synthesizes only adult
hemoglobin and adult MHC class I antigens.
These adult erythroytes, moreover, differ in
density and volume, as well as in general appear-
ance (Flajnik and Du Pasquier, 1988). Our results
make it likely that lymphocytes have a similar
turnover. This is consistent with the previous
suggestion of lymphocyte depletion, followed by
rapid repopulation at the critical time (Du Pasqu-
ier and Weiss, 1973; Flajnik et al., 1987).
The tadpole is able to respond to DNP-KLH
consistently by stage 52 (21 days of devel-
opment), at which point there are about 10 B
cells (Du Pasquier and Weiss, 1973). If the aver-
age clone size 10, that is about three divisions per
precursor, then the number of unique B-cell
clones would be only 103 Nevertheless, most tad-
poles of a given strain manage to produce the
same, or similar, antibodies to a given antigen.
This would seem to require that the V-gene rep-
resentation in animals of a given strain be "pro-
grammed" rather than "random," so that "fav-ANTIBODY REPERTOIRE AND METAMORPHOSIS 5
ored" V genes will be consistently represented.
These clones may be the source of B cells for the
life of the tadpole, as the character of larval-type
antibody response does not change, however,
long larval life is artificially extended. New
specificities appear only with the generation of
the adult-type repertoire from the larger pool of
new precursors that arise at metamorphosis.
A lack of functional junctional diversity has
been observed in fetal and neonatal mouse VH
sequences (Carlsson and Holmberg, 1990; Gu et
al., 1990; Feeney, 1990; Meek, 1990) as well as in
Xenopus (Schwager et al., 1991). Indeed, antibody
diversity is limited at earlier stages of develop-
ment in both mouse and Xenopus, but it is not
clear whether this is related to the lack of junc-
tional diversity. The larval-type immune system
is an independent entity, not merely one in tran-
sition to a more "mature" adult version, so the
imposition of a ceiling to antibody heterogeneity
would only occur for greater functionality.
The nonrandom distribution of V genes
expressed during ontogeny is well known in
mammalian systems (for a review, see Alt et al.,
1987; Wu et al., 1990). It is not clear why some VH
genes are expressed earlier and at a higher fre-
quency than others. In the tadpole, it is conceiv-
able that a tiny larva, which must develop a func-
tioning immune system in a short time with few
cells, may require esponsiveness to certain
antigens earlier. There may have been selection
for V-gene expression in order to increase the
numbers of cells carrying important specificities.
At this time, it is not clear which genes are pref-
erentially expressed in the larval stages;
sequences encoding 9 of the 11 described VH fam-
ilies (Hsu et al., 1989; Schwager et al., 1989; Haire
et al., 1990) have been isolated from the tadpole B
cell DNA and cDNA libraries (Schwager et al.,
1991), and from tadpole mRNA hybridization
data, most families appear to be expressed at the
same levels in tadpoles and adults (E. Hsu and
F.W. Alt, unpublished results).
as previously described. The larval development
stages (1-66) are described according to the nor-
mal table of Nieuwkoop and Faber (1967).
Sodium perchlorate was used at a final concen-
tration of 0.1% to block metamorphosis and pro-
long the larval life.
Immunization
Adult LG or LM were given intraperitoneally
(i.p.) 50-100/1 of 2mg/ml dinitrophenylated
keyhole limpet hemocyamin (DNP-KLH) emulsi-
fied in complete Freund’s adjuvant (CFA) or pre-
cipitated with alum. Tadpoles and young meta-
morphs were injected with 5/tl of the antigen i.p.
from a drawn glass syringe. The animals were all
kept at 22C, unless indicated, and bled after 4
weeks; blood was collected from the dorsal tarsus
vein in adults and by cardiac puncture in froglets
and tadpoles. Peritoneal fluid, which contains
antibodies, was also withdrawn from tadpoles.
Bacteriophage Inactivation Assay
The anti-DNP activity in the antisera was
measured by a bacteriophage inactivation assay
using DNP-coupled T4 phage. This technique,
adapted from Adams (Adams et al., 1969), has
been described fully in another publication (Du
Pasquier et al., 1985). By the use of inhibitors
(DNP-lysine) of the reaction, the relative affin-
ities of the antisera can be determined; the rela-
tive specificity can be observed by using ana-
logues of DNP (TNP-lysine). A range of six
dilutions between 10-6M and 3x10-4M inhibitor
was used for all antisera. For each of the inhi-
bition experiments, the antisera samples from all
groups were tested together in order for the
values to be comparable.
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